Abstract-The effects of radiation-induced defects and statistical variation in the dose and energy of MOSFET channel implants in a modern bulk CMOS technology are modeled using a process simulator in combination with analytical computations. The model integrates doping profiles obtained from process simulations and experimentally determined defect potentials into implicit surface potential equations. Solutions to these equations are used to model radiation-induced edge leakage currents in nchannel MOSFETs. The results indicate that slight variations in the channel implant parameters can have a significant impact on the doping profile along the STI sidewall and thus the radiationinduced edge leakage currents.
I. INTRODUCTION
he impact of random and systematic process variability on the reliability of space and strategic systems has become increasingly important as feature sizes continue to decrease. In advanced technologies, process variability often manifests during the wafer fabrication process and leads to fluctuations in sensitive design parameters. One potential source of process variability is random dopant fluctuations (RDF) in the channel which can lead to threshold voltage (V th ) mismatch between identical devices [1] [2] [3] [4] . Another potential source of variability is extrinsic process variation associated with pocket implants [1] , [5] . Indeed, it has been shown that there was a normal distribution in the V th when testing N number of devices in a 90 nm bulk CMOS technology [2] . From a radiation perspective, variability is problematic because it could make a system more radiation sensitive.
One of the primary concerns in advanced deep submicron bulk CMOS transistors exposed to ionizing radiation is increased off-state leakage current (I d for V gs = 0 V) between the drain and source. The predominant cause of drain-tosource leakage current, also known as "edge" leakage or intradevice leakage current, is defect buildup (i.e., oxide trapped charge, N ot , and interface traps, N it ) in the "corners" of the shallow trench isolation (STI) [6] [7] [8] [9] [10] . Charge buildup in the STI inverts the sidewall and forms parasitic n-FET structures along the two edges of an "as-drawn" device ( Fig. 1(a) ) [6] [7] [8] [9] [10] . As the total ionizing dose (TID) accumulates, there is a reduction in the V th and an increase in drive current of the parasitic n-FETs ( Fig. 1(b) ). Upon exposure to high levels of TID, the parasitic n-FET can become the dominant path for drain current for gate biases below the V th of the "as-drawn" device (i.e., leakage). It has been shown that the parasitic n-FET is actually a parallel combination of thin, medium, and thick oxide devices which are functions of the effective width, oxide thickness, and doping concentration along the sidewall [8] , [11] . Generally, as the doping along the STI sidewall decreases, the radiation-induced edge leakage currents increase as shown for the 90 nm n-channel MOSFETs in [8] . Therefore, slight changes in doping along the sidewall near the channel due to RDF, pocket implant variation, or other sources (e.g., changes in processing tools or steps) can have a significant impact on the radiation sensitivity. In this paper, the effects of varying the dose and energy of the V th -adjust channel implant on the radiation response of a standard 90 nm bulk CMOS n-channel MOSFET are modeled. [7] [8] [9] , [13] , [14] . Radiationinduced increases in the interface trap density along the sidewall are not considered here. In the following sections, a method for analytically determining the edge leakage currents is established.
II. MODEL

A. Process Variation
Statistical variations in the dose and energy of MOSFET channel implants significantly impact the doping profile along the STI sidewall, which consequently affects the tolerance of the devices to radiation-induced damage. In order to model the effects of these statistical variations, the doping along the STI sidewall is first computed for a given combination of channel implant variables that produce a doping profile similar to that of an n-channel transistor fabricated in a commercial 90 nm bulk CMOS technology. The process simulator Athena within the Silvaco suite of tools was used to generate these doping profiles. Obtaining the doping distribution along the sidewall is difficult, if not impossible, to measure precisely. However, a non-uniform profile with two peaks can generally be assumed and adjusted to fit to a given technology's requirements and scaling rules [8] , [10] , [15] , [16] . The nominal doping profile was validated by matching the analytically computed currents to experimentally obtained current-voltage characteristics.
For this study, it was assumed that variations in the dose and energy follow a normal distribution with a normalized mean (µ) = 1 and a standard deviation (σ) = 0.2. Sample points were taken at µ ± 0.5, µ ± 0.4, µ ± 0.2, µ ± 0.1, and µ for each case (corresponding dose/energy levels are listed in Table I and II). To illustrate this, plots of the distribution of energies and the accompanying doping profiles along the STI sidewall for the nominal case, a 50% increase from the nominal, and a 50% reduction from the nominal are shown in Fig. 2 and Fig. 3 , respectively. The symbols represent calculated data points, and the solid line is the theoretical normal distribution for µ = 1 and σ = 0.2. Note that variations in the low-energy V th -adjust implant primarily affect the doping near the surface.
As indicated in Fig. 3 , a reduction in the energy leads to an increase in the doping at the surface and reduces the doping further down the sidewall. If the energy is increased, the doping at the surface is reduced and the doping further down the sidewall is increased. In both cases (i.e., high or low implant energies) the device will become more susceptible to TID damage. The reason for this is that a different radiationinduced parasitic is dominating the edge leakage response. That is, when the energy is low, a parasitic with a thick oxide dominates, and when the energy is high, a thin oxide parasitic dominates the TID response.
B. Theoretical Model
As discussed in [6] , [8] , [10] , the edge parasitic devices (elementary transistors) represent distinct subdivisions of the conducting sidewall extending from the gate oxide interface to the drain/source diffusion depth. Using the extracted doping profiles along with defect densities taken from [6] [7] [8] , the effects of these parameters on the surface potential, and ultimately the radiation-induced edge leakage currents, are modeled for the elementary transistors along the sidewall. The number (n) of edge devices chosen for the model must balance the need for simulation accuracy with computational efficiency. In the current model, n=10. The i th elementary n- interface at z(i) = (i-1)W s + W s /2. For a more complete description of the model and edge parameters refer to [6] , [8] . The impact of variations in implant energy and dose on the surface potential can be ascertained quantitatively with the modified form of the implicit equation for surface potential [6] , [17] , [18] ,
where V gb is the applied gate-to-body bias, is the surface potential, Φ MS is the gate-to-body workfunction difference, φ t =kT/q is the thermal voltage, = / , and γ is the body factor given by
where q is the absolute value of the electron charge, ε Si is the permittivity of silicon, and C ox is the oxide capacitance per unit channel area. The function H(u) captures the charge contributions of both fixed charge and free carriers in the Si and is expressed as
where φ n is the channel voltage otherwise known as imref splitting, β = 1/φ t , and φ b is the bulk potential defined as
where n i is the intrinsic carrier concentration. The parameter φ nt corresponds to a defect potential which is added to model the effects of oxide trapped charge (N ot ) and interface traps (N it ). In the model it is assumed that the charge contributed by oxide trapped charge is fixed while the charge contributed by interface traps varies with surface potential [19] [20] [21] . If it is further assumed that the energy distribution of interface traps (D it ) is uniform, then the defect potential can be expressed as
Including the defect potential in (1) allows the surface potential across a MOSFET channel to be calculated analytically not only as a function of terminal voltages and device parameters (e.g., oxide capacitance, workfunction difference, and doping), but also as a function of radiationinduced oxide and interfacial defects. This is critical when modeling radiation effects (e.g., radiation-induced leakage) in CMOS devices. Recall that in this paper, D it is assumed to be constant for increasing TID. The radiation-induced edge leakage current of the i th parasitic device for
where L is the as drawn gate length, µ n is the electron mobility, I 1 (i) is the drift current component of the i th parasitic device, and I 2 (i) is the diffusion current component of the i th parasitic device [8] . The total radiation-induced leakage current can be approximated as
III. 3 B RESULTS AND DISCUSSION Using (1) through (7), the edge leakage current can be calculated as a function of the position along the sidewall, channel doping, and defect buildup. Presented in Table I and  Table II are the radiation-induced edge leakage currents associated with a specific V th -adjust implant dose and energy. The analytically determined currents are for a TID level of 2 Mrad(Si). The results show that reductions in the dose or energy lead to a substantial increase in the parasitic off-state leakage current (i.e., I d,off ). Note that the nominal values for dose and energy are 1.25×10 13 cm -2 and 4 keV, respectively. As mentioned previously, these values were obtained by fitting the assumed doping profile of a standard two-edge nchannel MOSFET fabricated in a commercial 90 nm bulk CMOS technology [10] . The analytically determined leakage currents are similar to what is seen in the experimental data at this technology node.
Shown in Fig. 4(a) and Fig. 4(b) is the distribution of the radiation-induced parasitic off-state leakage current for an nchannel MOSFET due to statistical variations (i.e., normal distributions) in the V th -adjust implant energy and dose, respectively. In the plots, the y-axis is the relative frequency or fraction of devices that will have that particular edge leakage contribution if N devices are tested. The results indicate that changes in the V th -adjust implant parameters have a significant impact on the radiation-induced edge leakage currents in n-channel MOSFETs. More specifically, the data demonstrate that a large spread in the leakage currents can result from a fairly tight normal distribution in the process parameters. It is important to recognize that the parasitic offstate leakage current does not exhibit a monotonic dependence on implant energy. Instead large deviations from the nominal energy, on either side, lead to significant increases in the edge leakage.
IV. CONCLUSION
The effects of varying the dose and energy of the V th-adjust channel implant on the radiation-induced edge parasitic devices were presented. This was accomplished by obtaining a doping profile for a given channel implant dose and energy from a 2-D simulator and then inserting the resulting profile into a modified form of the implicit equation for surface potential. The surface potential-based model also included a defect potential to model the effects of charge buildup along the STI sidewall. The results indicate that statistical variations in the channel implants can have a significant impact on the doping levels along the STI sidewall and thus the radiationinduced edge leakage currents in n-channel MOSFETs. In general, it is imperative that process variability be minimized in advanced CMOS technologies because slight changes can result in significant changes in the doping profile. As was shown here, that can adversely impact the radiation tolerance. While this paper focused on a 90 nm technology and the impact of changes to the V th-adjust implant dose or energy, it is also applicable to more advanced technology nodes and other sources of process variation (e.g., RDF). 
